Morphology-and size-controlled nickel powder was synthesized via the thermal decomposition of nickel oxalate, which was prepared by mixing a solution containing nickel chloride hexahydrate (NiCl 2 Á6H 2 O) and aqueous ammonia (NH 3 ÁH 2 O) with a solution of sodium oxalate (Na 2 C 2 O 4 ) under controlled conditions. Nickel precursors ca. 1 mm long and 0.05 mm wide were obtained using 1.2 mol dm À3 aqueous ammonia and 0.2 mol dm À3 nickel chloride hexahydrate, pH 9.5, and 293 K. The morphology of the precursor changed from granular to needle-like with increasing aqueous ammonia concentration. Large dispersed needle-like particles were obtained at 353 K. Nickel metal powder was obtained that was needle-like or filament in shape depending on the heat treatment temperature of the needle-like nickel precursor.
Introduction
There is a demand for nickel powder as a material for electronics, powder metallurgy, and energy conversion. For instance, nickel powder has been produced for multi-layer ceramic capacitors in cellular phones and mobile computers, as an alternative to palladium. The suitability of a nickel powder depends on the size and morphology of the particles, which are determined during processing. Therefore, it is important to develop a simple process to control powder size and morphology accurately, and new applications and improved powder performance are expected. In industry, nickel powders are produced by the thermal decomposition of nickel tetracarbonyl (carbonyl method), the reduction of an aqueous or non-aqueous solution of a nickel salt with hydrazine (hydrometallurgical method), and from an inert gas or water atomization (atomization method). 1) Nickel powders can be obtained at temperatures between 423 and 573 K by the thermal decomposition of nickel tetracarbonyl vapor, Ni(CO) 4 , which boils at 316 K.
2) The carbonyl method produces submicron nickel powders with various morphologies, including spiky particles, filaments, spherical, chain structure, fiber type, and high-density semi-smooth particles. These particles are of uniform size and structure and have large surface area. Since carbonyl nickel is a volatile liquid that is toxic and explosive at ambient temperatures, complex equipment is need for dealing with it. By contrast, the hydrometallurgical method involves nickel deposition in sulfuric acid, which is a chemical reduction technique using hydrazine or hydrogen gas as the reductant. This method can shrink the nickel particles down to nanometer size by varying the experimental parameters, such as temperature, pH, solvent, and reducing agent. [3] [4] [5] However, only spherical nano-sized particles can be obtained using chemical reduction. Moreover, these nano-sized nickel particles tend to aggregate into large particles. Methods of preventing particle aggregation must also be developed. Yu et al. 6) obtained dispersed nickel powder with rod-like particles using a modified polyol process, which combined the polyol process and a hydrometallurgical process, while controlling temperature and the concentration of chemicals.
Previous paper, 7) we described a two-step process in an aqueous solution containing ammonia and oxalate ions to prepare morphology controlled nickel precursor and the thermal decomposition of the precursor to produce metallic nickel. In addition, the effects of experimental parameters including pH, temperatures and ripening time on the morphology and size of nickel precursor were investigated. Therefore, it was suggested that the ammonia affects the morphology of a nickel precursor.
In this work, the effect of ammonia concentration on the morphology of the nickel precursor is examined.
Experimental
Reagent grade nickel chloride hexahydrate (NiCl 2 Á6H 2 O, Nacalai Tesque, Japan), sodium oxalate (Na 2 C 2 O 4 , Nacalai Tesque, Japan), and aqueous ammonia (NH 3 ÁH 2 O, 28%, Nacalai Tesque, Japan) were used as raw materials; these were first dissolved in distilled water, and then adjusted to the desired concentration.
The precipitates, consisting of nickel, ammonia, and oxalate, were prepared by dropping solutions A and B into a synthesis bath. Solution A consisted of 0.2 mol dm À3 nickel chloride hexahydrate and aqueous ammonia in various concentrations up to 1.2 mol dm À3 . Solution B was 0.2 mol dm À3 sodium oxalate. Simultaneously, both solutions with 0.05 dm 3 volume were dropped at a rate of 3:33 Â 10 À5 dm 3 s À1 through two burettes into a synthesis bath of 0.025 dm 3 distilled water in a container kept at 293 or 353 K. Solutions A and B, and the synthesis bath were adjusted to pH 9.5 by HCl or NaOH. The solution in the container was stirred during dropping for 1.5 ks and afterwards for ripening for 14.4 ks. The precursors obtained after ripening were separated by filtration, rinsed with distilled water, and dried for 86.4 ks at room temperature.
The morphology of the precursor and thermally decomposed specimens was characterized using scanning electron * Graduate Student, Nagoya University microscopy (SEM; S-800, Hitachi Co., Japan) and the phase was identified using X-ray diffractometry (XRD; XRD-6000, Shimadzu Co., Japan) with Cu-K radiation. In order to observe particle size, 10 particles were measured directly under a SEM and averaged them. Differential thermal analysis (DTA) and thermal gravimetric analysis (TGA) were performed in a helium atmosphere at a heating rate of 0.33 Ks À1 using thermal decomposition gas chromatograph mass spectrometry (TG-DTA/GCMS; TG8120/GCMS-QP5050A, Rigaku/Shimadzu Co., Japan). The organic elements in the precipitate were measured using fully automatic elemental analysis equipment (2400II, Perkin Elmer Co., Japan).
Results and Discussion

Additional effect of aqueous ammonia
Nickel ions form ammine complex ions with ammonia in solution.
7) The precipitation behavior of nickel ammonia oxalate compounds is affected by the ammonia concentration. Therefore, the concentration of aqueous ammonia in solution A was adjusted to 0, 0.6, 1.2, and 5.0 mol dm À3 . The nickel precursor was precipitated from the mixture of solutions A and B at 293 and 353 K. Figure 1 shows SEM photographs of the resulting precipitate. Granular particles were produced from the solution without ammonia at both 293 and 353 K. The precursor was transformed from granular to needle-like and the width of the needle-like particles decreased with increasing aqueous ammonia concentration. However, the precipitate was not obtained when aqueous ammonia concentration amounted to 5.0 mol dm À3 at 293 K. It is known that the coordination number of ammonia is increase with increase ammonia concentration. It is considered that the coordination number of ammonia affect on the crystal form and morphology of precursor. At 293 K, the small precipitate particles aggregated into larger particles. The particles obtained at 293 K were smaller than the needlelike precursors obtained at 353 K. In case of 1.2 mol dm À3 aqueous ammonia concentration, they were ca. 50 nm wide and 0.7 mm long. This small size led to their aggregation. By contrast, in the solution with 1.2 mol dm À3 aqueous ammonia at 353 K, aggregation did not take place, and the needle-like particles were ca. 0.3 mm wide and 21.3 mm long. At 353 K, the precipitate was obtained with 5.0 mol dm À3 aqueous ammonia concentration and the size was almost the same as prepared with 1.2 mol dm À3 aqueous ammonia concentration at 353 K. It is thought that the ammonia is partially evaporated at 353 K and the coordination number of ammonia at 353 K is not in accord with it at 293 K. The XRD patterns of the precursors that precipitated from a mix of solutions A and B at 293 and 353 K are shown in Fig. 2 . Ni(OH) 2 diffraction peaks were detected for the precipitates produced from the solutions without ammonia at 293 and 353 K and not for the precipitates produced from the solutions containing 0.6 or 1.2 mol dm À3 aqueous ammonia. The peaks detected at the XRD patterns of (b), (c), (e) and (f) were not in agreement with those of NiC 2 O 4 or NiC 2 O 4 Á 2H 2 O, and not listed in the Joint Committee on Powder Diffraction Standards (JCPDS). Element analysis was used to investigate the unknown precursors. Nitrogen was found in the precipitate produced from the solutions containing 0.6 or 1.2 mol dm À3 aqueous ammonia at 293 and 353 K. The percent by mass of the precipitate produced at 353 K was 5.0 and 11.1 mass% for 0.6 and 1.2 mol dm À3 aqueous ammonia, respectively, and 7.1 and 9.7 mass% at 293 K, respectively. The higher the aqueous ammonia concentration, the greater the percent by mass contained. In view of the elemental analysis results, we inferred that the precipitates produced from the solutions containing ammonia were represented by the following formula.
In case of 293 K, the value of x and y were estimated to be 1.5 and 2.4 respectively from the results of elemental analysis (C: 11.0 mass%, H: 4.4 mass%). 
Thermal decomposition of nickel precursor
The thermal decomposition of the nickel precursor in the reduction of the nickel compound to nickel metal was characterized. Figure 3 shows the TG-DTA curves of the nickel precursors produced using the three concentrations of ammonia at 293 and 353 K. For the Ni(OH) 2 produced at 293 and 353 K, a large endothermic peak appeared at 610 K, where a decrease in mass was observed in TG. A peak of m=z ¼ 18 derived from H 2 O was detected near 610 K by GCMS, where m and z mean the mass and charge number, respectively. For the precursors produced from the solutions containing 0.6 and 1.2 mol dm À3 aqueous ammonia at 293 and 353 K, endothermic peaks appeared near 348, 483, and 655 K, and a decrease in mass occurred with each endothermic peak. The gas produced at 348 and 483 K was not identified using GCMS owing to the small volume. In particular, a large peak at m=z ¼ 44 due to CO 2 appeared near 655 K. The TG curves were constant at temperatures over 690 K. Figure 4 shows the XRD patterns for the samples after thermal analysis up to 773 K. When there was no aqueous ammonia in the solution, NiO peaks were detected in the diffraction patterns, as shown in Figs. 4(a) and (d) . In view of the XRD and TG-DTA/GCMS results, it is possible to conclude that the following dehydration reaction takes place at temperatures over 610 K:
As shown in Figs. 4(c) and (f), with 1.2 mol dm À3 aqueous ammonia, the diffraction pattern of the sample matched that of Ni. It is considered that the ammonia and crystal water contained in Ni(NH 3 ) x C 2 O 4 ÁyH 2 O were desorbed at 348 K and 483 K respectively 7) and formed NiC 2 O 4 . Therefore, Ni formed from the decomposition of NiC 2 O 4 at temperatures higher than 655 K, as represented by:
The diffraction patterns of both Ni and NiO were detected, as shown in Figs. 4(b) and (e), in the solution with 0.6 mol dm À3 aqueous ammonia. Since the ammonia concentration determines whether stable ions containing nickel are maintained in the process used to produce precursor, 0.6 mol dm À3 ammonia is inadequate for producing stable nickel complex ions. Consequently, the precursor consisted of ammonium nickel oxalate and some nickel hydroxide, and this decomposed thermally to NiO from Ni(OH) 2 via the dehydration reaction. An aqueous ammonia concentration of 1.2 mol dm À3 is adequate for producing nickel via the decomposition of a nickel precursor.
3.3 Effect of temperature on decomposition of the nickel precursor The nickel oxalate decomposed at ca. 613 K. The precursors were heated at temperatures above 613 K under various conditions to determine the decomposition characteristics. The precursor produced from 1.2 mol dm À3 aqueous ammonia at 353 K was heated, kept at 613 K for 0, 30, and 60 min, and then cooled in the furnace. Figures 5 and 6 show SEM micrographs and XRD patterns of the decomposed specimens, respectively. As shown in Fig. 5(a) , the specimen kept for 0 min was wider than the precursor and measured 0.6 mm wide and 10.1 mm long. As shown in Fig. 6(a) , this sample has not been identified using the JCPDS.
The filaments of the specimens that kept the needle-like precursor for 30 and 60 min at 613 K were 0.12 mm wide at 30 min and 0.09 mm wide at 60 min. The diffraction patterns of Ni and some NiO appeared in the XRD profile. With heating at 773 K, only the diffraction pattern of nickel was obtained. Therefore, the NiO residue was not formed from the oxidation of Ni during thermal treatment, but formed from residual ammonia nickel oxalate. As these results show, in order to obtain Ni from the decomposition of a precursor, it is important to control the heating temperature. The composition and morphology of the sample after thermal decomposition are influenced by the heating time. 
Conclusions
